Telomeres are ribonucleoprotein structures at the end of chromosomes composed of telomeric DNA, specific-binding proteins, and noncoding RNA (TERRA). Despite their importance in preventing chromosome instability, little is known about the cross talk between these three elements during the formation of the germ line. Here, we provide evidence that both TERRA and the telomerase enzymatic subunit (TERT) are components of telomeres in mammalian germ cells. We found that TERRA colocalizes with telomeres during mammalian meiosis and that its expression progressively increases during spermatogenesis until the beginning of spermiogenesis. While both TERRA levels and distribution would be regulated in a gender-specific manner, telomere-TERT colocalization appears to be regulated based on species-specific characteristics of the telomeric structure. Moreover, we found that TERT localization at telomeres is maintained throughout spermatogenesis as a structural component without affecting telomere elongation. Our results represent the first evidence of colocalization between telomerase and telomeres during mammalian gametogenesis.
INTRODUCTION
Telomeres are ribonucleoprotein structures located at the end of eukaryotic chromosomes and composed of three different elements: telomeric DNA, specific-binding proteins, and noncoding RNA. Telomeric DNA consists of TTAGGG tandem repeats associated with an array of telomere binding proteins that constitute the shelterin complex [1, 2] . This telomeric architecture is associated with a noncoding RNA, named telomeric repeat containing RNA (TERRA), which is transcribed from CpG island promoters located at subtelomeres, and it has been suggested to be an essential component of the telomeric heterochromatin structure [3] [4] [5] . Given that telomeric dysfunction is involved in cellular senescence, genome instability, and carcinogenesis, both the telomeric structure and its regulation have been widely studied in mammalian somatic cells [6, 7] . Studies in the germ line, however, are less abundant due to the intrinsic complexities of mammalian gametogenesis, which hinder accessing suitable samples, especially in the case of females [8] [9] [10] [11] [12] [13] .
Oogenesis differs from spermatogenesis in several ways, such as gametes morphology, differentiation, place, and timing [14] . Whereas males have the ability to produce spermatozoa continuously during the adult life, oogenesis initiates early in fetal development, becomes arrested before birth, and resumes at puberty. Once meiosis is reactivated during ovulation, it is completed only if fertilization occurs. This means that primary oocytes are halted at the end of the first meiotic division for long periods of time (up to 50 yr). Once spermatogonia or oogonia differentiate to spermatocytes or oocytes, respectively, developing germ cells do not undergo DNA synthesis. Since telomerase acts during the S phase of the cell cycle [15] , telomerase would not be expected to influence telomere reserve in germ cells. Nevertheless, telomeres must be long enough to cope with the entire gametogenic process, which includes two meiotic divisions, as well as with all the subsequent embryonic divisions occurring after fertilization. In fact, meiotic progression involves chromosome movements and chromatin rearrangements that must be carefully regulated to generate healthy gametes. The most critical chromosome movements occurring during the first meiotic prophase include alignment, pairing, synapsis, and recombination between homologues. It is in this context where telomeres play an essential role since they promote homologue pairing and synapsis by forming the bouquet structure during prophase I [16] . Disruption of the telomere structure and/or telomeric shortening seriously compromises meiotic progression [17] [18] [19] . In fact, the maintenance of telomeric length is crucial for the formation of the germ line given that telomere erosion has often been related to apoptosis, generation of aneuploid gametes, and reproductive aging [20] [21] [22] [23] [24] . But, notwithstanding its importance, the regulation of telomeric length by telomerase during the different stages of gametogenesis is still not well understood, especially in oogenesis. In the male germ line, it is known that telomerase activity negatively correlates with telomere length [25, 26] . Its activity is especially high in spermatogonia, decreasing progressively through spermatogenesis, until it disappears in spermatozoa [25, [27] [28] [29] . By contrast, reports in female germ cells have provided heterogeneous results so far [30] [31] [32] [33] [34] [35] , and there is a lack of a 1 Supported by the Generalitat de Catalunya (2009SGR1107). R.R.-V. is a recipient of a PIF fellowship from Universitat Autò noma de Barcelona. The E.G. laboratory was supported by European Commission Euratom (EpiRadBio) and Ministero dell'Istruzione dell'Università e della Ricerca (FIRB 2011). 2 Correspondence: E-mail: aurora.ruizherrera@uab.cat consensus view of how telomerase activity is regulated during oogenesis.
An additional important element in the maintenance of telomere structure is TERRA, a noncoding RNA restricted to the nucleus, either as free molecules or colocalizing with telomeric binding proteins at chromosome ends [3] . TERRA levels are cell cycle regulated [36, 37] , and its transcription in somatic cells is subjected to methylation and histone modifications [5, 38, 39] . This molecule was initially described in somatic cells, but its presence and/or expression in the germ line are largely unknown [40] . Given that telomeres are important for the meiotic process and taking into account the role of TERRA in the stability of the telomeric structure and its specific regulation during the cell developmental stage [3, 4, [41] [42] [43] [44] [45] [46] , it is important to understand the role of TERRA during gametogenesis and, in particular, its interactions with other molecules related to telomeric homeostasis. In this respect, there has been a long-standing debate regarding the relationship between TERRA and telomerase. Initial studies suggested that TERRA-like oligonucleotides suppress telomerase activity in vitro [4, 47] , and evidence of an inverse correlation between TERRA levels and telomere length was reported in different cell lines [39, 41] . These observations, however, have been questioned by recent studies in which no relationship between telomere length and TERRA expression levels in vivo was found [48] [49] [50] [51] . In this regard, we have recently reported the presence and intracellular distribution of TERRA in human oocytes I as well as its colocalization with telomeres and telomerase during meiotic prophase I, suggesting that TERRA could contribute to telomeric stability during the meiotic process and may be related to meiotic telomerase function [40] .
Given this background, the main goal of this work was to shed light on the telomeric structure in mammalian gametogenesis. More specifically, we aimed to study the presence and nuclear distribution of the different telomere components during the formation of the germ line as well as the relationship between them. Is there any specific architecture that characterizes telomeric structure during mammalian germ cell development? And, if so, is it influenced by gender-and/or species-specific characteristics? To this aim, we have investigated telomere homeostasis in both male and female gametogenesis by using human and mouse germ cells as model species with three specific objectives: 1) to study TERRA dynamics during gametogenesis, 2) to analyze the relationship between TERRA and telomerase in meiosis, and 3) to determine whether telomere length influences TERRA levels and distribution in the germ line.
MATERIALS AND METHODS

Biological Samples
Mouse testes samples were obtained from adult male mice (33 C57BL/6 animals, ;4 mo old), whereas the male human sample was derived from a 48-yr-old 46XY fertile vasectomized patient provided by the Assisted Reproduction Center Fecunmed (Granollers, Spain) after signing an informed consent. Mouse fetal ovaries were obtained from three C57BL/6 pregnant females within 18 and 19 days after vaginal plug detection. Moreover, HeLa cells were used as positive controls for telomerase detection and telomere length measurement.
Mouse testes were extracted and subsequently processed as described hereafter or otherwise frozen at À808C in isopentane until use. The same processing protocol was used for the human biopsy immediately after its obtention and ice-cold transport to the laboratory. Mouse fetal ovaries were processed immediately after extraction. HeLa cells were cultured under standard conditions in DMEM (Life Technologies, Glasgow, Scotland, U.K.) with 10% fetal calf serum (FCS). The Ethics Committee of the Universitat Autònoma de Barcelona approved all the protocols adopted herein.
Cell Spreads
Mammalian testes and HeLa cells were processed in order to obtain cell spreads as previously described [40] . Briefly, testicular tissue was scattered on slides by mechanical disaggregation, permeabilized with CSK (cytoskeleton) buffer (100 mM NaCl, 300 mM sucrose, 3 mM MgCl2, 10 mM PIPES, 0.5% Triton X-100 and 10 mM ribonucleoside-vanadyl complex [NEB, Ipswick, MA]), fixed with 4% paraformaldehyde, and finally washed with 70% ethanol. Slides were conserved at À808C until use. For mouse fetal ovary cell spread preparation, an enzymatic step was added before mechanical disaggregation. Following extraction, ovaries were washed with 13 PBS and incubated in 2.5 mg/ml collagenase (Worthington Biochemicals, Lakewood, NJ) in Hank balanced salt solution (Sigma-Aldrich, St. Louis, MO) for 20 min at 378C.
Immunofluorescence
Immunofluorescence (IF) was performed as previously described [40] , with modifications. The efficiency of TERT antibody was initially tested in telomerase-positive (HeLa cells) and telomerase-negative cells (human primary fibroblasts) [40] . Slides were blocked 10 min with PTBG (13 PBS, 0.1% Tween-20, 0.2% BSA, 0.2% gelatin) and then incubated at room temperature for 45 min or overnight at 48C with the following primary antibodies: mouse anti-telomeric repeat-binding factor 2 (TRF2; Millipore, Billerica, MA), rabbit anti-TRF2 (a kind gift from Dr. T. De Lange, The Rockefeller University, New York), mouse or rabbit anti-synaptonemal complex protein 3 (SYCP3; Abcam, Cambridge, Cambridge, U.K.), rat anti-telomerase reverse transcriptase (TERT; Diesse Ricerche, Siena, Italy), rabbit anti-TERT (Rockland, Gilbertsville, PA), and guinea pig anti-histone cluster 1 (H1t; a gift from Dr. M.A. Handel, The Jackson Laboratory, Bar Harbor, ME). Slides were washed three times for 5 min in PBST (0.1% Tween-20 in 13 PBS) before 40 min of incubation at 378C with the following secondary antibodies: goat anti-mouse Cy5, mouse antirabbit Cy5, goat anti-rabbit FITC, goat anti-mouse FITC, goat anti-rabbit Cy3, goat anti-mouse Cy3, goat anti-guinea pig Cy3 (all from Jackson Immunoresearch, Newmarket, Suffolk, U.K.), and goat anti-rat DyLight 488 (KPL, Gaithersburg, MD). Slides were washed again three times in PBST, fixed 10 min in 4% paraformaldehyde in 13 PBS (pH 7), and rinsed with 13 PBS. Finally, cells nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) diluted in Vectashield (Vector Laboratories, Burlingame, CA).
SYCP3 staining allowed for the identification of primary oocytes and spermatocytes among the different cell types of the gonadal tissue, negative for SYCP3 labeling (hereafter referred to as SYCP3[À] cells). In the ovarian tissue, SYCP3(À) cells correspond to fibroblasts and follicular cells, whereas in the testicular tissue they include mainly germ cells not performing the first meiotic prophase together with fibroblasts and Leydig and Sertoli cells.
RNA-Fluorescence In Situ Hybridization
TERRA levels in each single cell were qualitatively estimated through the analysis of the number of TERRA foci detected per nucleus, as previously described [3, 4, 40] . RNA-fluorescence in situ hybridization (RNA-FISH) was carried out immediately after IF as described previously [40] . RNA-FISH experiments were performed using a (CCCTAA) 3 oligonucleotide probe complementary to TERRA given that TERRA molecules consist of UUAGGG repeats in mammalian cells [3, 4] . Briefly, after dehydration with ethanol series, cells were hybridized overnight at 378C with a 25-nM (CCCTAA) 3 oligonucleotide probe Cy3-conjugated (XX Integrated DNA Technologies, Leuven, Belgium) in hybridization buffer (10% of 203 SSC, 20% 10 mg/ml BSA, 20% of 50% dextram sulfate, and 5% formamide). Next, slides were washed with 50% formamide/13 SSC and 23 SSC at 398C. Nuclei were counterstained with DAPI. A negative control consisting of a slide treated with RNase A was included in the experiments.
Quantitative-Fluorescence In Situ Hybridization
Quantitative-fluorescence in situ hybridization (Q-FISH) analysis was performed using a peptide nucleic acid (PNA) probe complementary to telomere G-rich strand (TelC; Panagene, Yuseong-gu, Daejeon, Korea) according to the manufacturer's protocol. Slides were dried at 678C for 20 min and rehydrated for 15 min in 13 PBS. Cell fixation was carried out in 4% formaldehyde in 13 PSB for 4 min. After two washes in 13 PBS, cytoplasm was removed by incubating slides 4 min in 0.005% pepsin in 0.01M HCl at 378C. Slides were then washed twice in PBS 13 for 3 min; dehydrated in 70%, 85%, and 100% ethanol series; and air-dried. Fifteen microliters of 800 ng/ml TelC FAM-conjugated probe (Panagene) in hybridization buffer (10 mM NaHPO 4 , 10 mM NaCl, 20 mM Tris, 70% formamide) were added on each slide. After denaturation for 5 min at 858C, slides were incubated for 1 h and 45 REIG-VIADER ET AL. min at room temperature. Subsequently, slides were submerged in PBST to remove coverslips and washed 20 min at 578C in PBST and 1 min at room temperature in 23 SSC 0.1% Tween-20. Before microscopic observation, nuclei were counterstained with DAPI. Fluorescence calibration was performed using green fluorescent beads (Life Technologies) before and after every image-capturing session. Telomere intensities were obtained by measuring spot optical densities using the TFL-Telo software [52] . Measures of telomeric signals were recorded as arbitrary telomere fluorescence units (TFUs) following previous studies [52] . For each experiment, an internal control consisting of cells with known telomere length, that is, HeLa cells [53] , was included. Results were normalized expressing the TFUs obtained in mouse and human germ cells as the increment with respect to HeLa cells.
Fluorescence-Activated Cell Sorting
Purified cell fractions containing spermatogonia, spermatocytes I, spermatocytes II, and round spermatids were obtained using a fluorescenceactivated cell sorting (FACS)-based method [54] . Mouse testes were decapsulated in 500 ll of Gey balanced salt solution (GBSS) (Sigma-Aldrich) immediately after extraction. Testes were incubated 15 min at 338C in 10 ml of GBSS (for every two testes) with 0.5 mg/ml collagenase IV (Worthington Biochemicals, Lakewood, NJ) and 1 lg/ml DNase (Sigma-Aldrich). Dispersed seminiferous cords were isolated by sedimentation and then incubated in 10 ml of GBSS containing 0.5 mg/ml trypsin from bovine pancreas (Sigma-Aldrich) and 1 lg/ml DNase (Sigma-Aldrich) for 15 min at 338C. Immediately after, 500 ll of FCS (Life Technologies) were added to the cell suspension to stop the enzymatic reaction. Cells were then filtered through a 70-lm strainer (BD Biosciences, San Jose, CA), centrifuged 3 min at 800 3 g, and resuspended in 1 ml of GBSS supplemented with 5% FCS. Cells were stained with Hoechst 33342 (Sigma-Aldrich) and propidium iodide (PI; Sigma-Aldrich) and kept in ice until sorting.
Cell sorting was carried out in a Moflo Legacy high-speed cell sorter equipped with three lasers, following conditions previously published [54] with some modifications. Hoechst 33342 and PI were excited by a UV 355-nm laser (Innova 90C DSU XCYTE UV 998085) at 30 mW of potency and a 488-nm laser (I-Cyt Lyt 00S) at 30 mW of potency, respectively. Blue Hoechst fluorescence was detected with a 670/40-nm filter (FL 9), whereas the combination of red Hoechst and PI fluorescence was detected with a 405/30-nm filter (FL 8), allowing a higher resolution [55] . Enrichment for each flow-sorted fraction was assessed by IF against SYCP3 and the H1t proteins. SYCP3 allowed us to distinguish primary spermatocytes, whereas H1t, which is synthetized at mid-pachytene on, labeled spermatocytes II and round spermatids [56] . In this way, spermatogonia were differentiated from secondary spermatocytes and round spermatids. Instead, secondary spermatocytes and round spermatids were distinguished by nucleus morphology revealed by DAPI staining [28, 54] . The mean enrichments obtained for each flow-sorted cell population were above 70% in all cases: 80.1% for the spermatogonia fraction, 71.3% for spermatocytes I, 79.0% for spermatocytes II, and 96.9% for round spermatids.
RNA Extraction and Real-Time PCR
Total RNA was extracted with Trizol and treated with DNaseI. Then RNA was retrotranscribed using (CCCTAA) 5 as primer for TERRA molecules and the reverse primer for U6 snRNA (used as control). Real time-PCR (RT-PCR) was performed on the resulting cDNA using two primer pairs specific for mouse TERRA: one for subtelomere 5q [57] and one for subtelomere 11q, designed by us (AGCAGATGGGTCCCTGGTAAA; TTGTCCG CCCTCACCTAGCTT). The third primer pair was specific for U6 snRNA [50] .
Microscopy
Preparations were evaluated using a Nikon Eclipse 90i epifluorescence microscope equipped with the appropriate filters and connected to a chargecoupled device camera. Images were captured and produced by the Isis software (Metasystems, Altlussheim, Germany). Additionally, a confocal microscope (Leica SP5) was used to evaluate protein localization and nuclear distribution at a higher level of resolution. Fluorophores were excited with four different lasers (405 UV, DPSS 561, HeNe 594, and HeNe 633), and the signal was captured by 420-to 495-nm and 647-to 800-nm photomultipliers. In order to obtain three-dimensional (3D) images, preparations were captured in an xyz mode, with a step size of 0.17 lm and a line average of 3, and processed through LasAF (Leica Microsystems, Wetzlar, Germany) and Imeris (Bitplane, Zurich, Switzerland) software. An average of 25 sections per cell was captured.
Statistical Analysis
The statistical analysis was carried out by means of PAWS Statistics 18 software. The random effect of the variability among mouse samples was taken into account when contrasting our data by means of the univariate general linear model. Correlations between TERRA levels and TERRA colocalization with TRF2 were calculated through the Pearson coefficient. The analysis of variance (ANOVA) and t-tests were employed for the rest of the data analysis, first applying the test of homogeneity of variances. Moreover, the Scheffé post hoc test was applied to detect significantly different groups from the ANOVA. In order to analyze TERRA expression, two independent quantitative RT-PCR experiments were carried out, and data were analyzed with a one-way ANOVA followed by a Tukey HSD test using the VassarStats software.
RESULTS
TERRA Is Expressed During Spermatogenesis and Colocalizes with Telomeres of Mammalian Meiocytes
TERRA levels (expressed as the number of foci detected per cell), together with their intracellular distribution, were analyzed in both human and mouse germ line by IF/RNA-FISH. Our analysis revealed that TERRA formed discrete foci in 100% of the gonadal cells analyzed, although its levels followed a gender-specific pattern (Fig. 1, A and B; Supplemental Figure S1 ; all supplemental data are available online at www.biolreprod.org). In males, the mean number of TERRA foci observed per spermatocytes I ranged from 33 6 13 in human to 40 6 16 in mouse, whereas in mouse oocytes I, TERRA levels were much lower (18 6 8 foci per cell). No statistical differences, however, were observed for TERRA levels in SYCP3(À) cells regardless of the gender and species (15 6 8 foci per cell in mouse testes, 17 6 9 foci per cell in human testes, and 16 6 5 foci in mouse ovaries; Fig. 1, A and  B) . Following previously established criteria [40] and in order to compare TERRA levels among cell types, three different categories were established according to the number of TERRA foci detected: cells with less than 16 TERRA foci, cells with 16-30 TERRA foci, and cells with more than 30 TERRA foci (Fig. 1C) . Primary meiocytes showed, on average, higher percentages of cells containing high levels of TERRA when compared to SYCP3(À) cells. Nevertheless, TERRA levels in oocytes I were remarkably lower than those observed in spermatocytes I regardless of the analyzed species (Fig. 1C) .
Given the differences observed in TERRA levels when comparing spermatocytes I and oocytes I, we investigated further to check whether this pattern was also maintained when analyzing the localization of TERRA molecules relative to telomeres. We therefore estimated the percentage of TERRA foci colocalizing with the shelterin component TRF2 (Fig. 1D) . Our results showed that in spermatocytes I, where TERRA levels were especially high, nearly half of TERRA molecules (44% in mouse and 47% in human) were localized at telomeres. Also, the proportion of telomeres showing TERRA foci was similar in mouse (41%) and human (40%) spermatocytes I. In contrast, these values decreased in mouse oocytes I, where the percentages of both TERRA-TRF2 (22%) and TRF2-TERRA (11%) colocalizations were lower than those observed in males (Fig. 1D) , mirroring previous observations in humans [40] . Despite such observations, differences in TERRA localization at telomeres were found when comparing mouse and human ovaries (Fig. 1D ). This could be related to the fact that TERRA levels in mouse ovarian tissue were clearly higher (18 6 8 foci per cell) than those observed in human fetal ovarian samples (7.2 6 0.7 foci per cell [40] ).
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on both TERRA levels and gender-specific features of telomeres. In order to test this hypothesis, we estimated the correlation coefficients between the number of TERRA molecules observed per cell and the percentages of TERRA-TRF2/TRF2-TERRA colocalizations (Supplemental Fig. S2 ). We observed that TERRA levels were positively correlated with the number of telomeres associated with TERRA but inversely correlated with the proportion of TERRA at telomeres (Supplemental Fig. S2 ). Most of these correlations were statistically significant for both meiocytes and SYCP3(À) cells only in male samples, where TERRA levels were markedly higher when compared to oocytes I. Given this scenario, we suggest that TERRA would localize at telomeres until a saturation threshold is reached, indicating that the localization of TERRA at telomeres could be a dynamic process regulated by the amount of TERRA molecules present in the nucleus. Provided that TERRA levels were especially high in mouse spermatocytes I, we evaluated TERRA expression during mouse spermatogenesis. We first measured TERRA transcripts derived from two different subtelomeric regions (5q and 11q) by means of quantitative RT-PCR in four different mouse flowsorted spermatogenic cell populations: spermatogonia, spermatocytes I, spermatocytes II, and round spermatids ( Fig. 2A ; Supplemental Figure S3 ). We observed that TERRA expression increased as spermatogonia proliferation and meiotic divisions proceed, but it underwent a sudden decrease at the (Fig.  2A) . However, TERRA expression seems to be differentially regulated, depending on the chromosome tested. The amount of TERRA derived from the 5q subtelomere was significantly higher both in spermatocytes I and II compared to spermatogonia and in round spermatids, while TERRA levels at the 11q subtelomere were significantly higher only in spermatocytes II.
To further dissect the dynamic changes of TERRA levels in the different prophase I stages (leptonema, zygonema, pachynema, and diplonema), we performed IF/RNA-FISH experiments both in human and mouse testes (Fig. 2B) . We observed that the percentage of cells showing high levels of TERRA were maintained through prophase I (Fig. 1, A and B ; Supplemental Figure S1 ). There was a tendency, however, for TERRA to be concentrated at the beginning of the process (i.e., leptonema), especially in mouse primary spermatocytes (oneway ANOVA, P , 0.001; Fig. 2B ).
Telomerase Colocalizes with Telomeres in Mouse and Human Germ Cells
Although telomerase activity has been reported in mammalian testicular tissue [25] [26] [27] [28] [29] 31] , direct evidence of the presence of endogenous telomerase in germ cells is restricted to human fetal ovarian tissue [40] . Therefore, whether this distribution can be extended to other germ cell types and species remains to be tested. To this aim, we studied the nuclear distribution of telomerase by means of immunodetection of the catalytic subunit of the enzyme (TERT) and TRF2 (Fig. 3, A and B) . We found that telomerase is present in both mouse and human gonadal tissue as discrete foci colocalizing with TRF2 at the end of chromosomes ( Fig. 3A ; Supplemental Figure S1 ), mirroring previous observations in human fetal ovaries [40] . However, while in mouse spermatocytes I most telomeres (74%) showed telomerase signals, the percentage of TRF2-TERT colocalization in human spermatocytes I was reduced by half (36%; Fig. 3C ). In the same way, mouse oocytes I presented 80% of telomeres with TERT signals, whereas only 22% of human fetal oocytes telomeres showed TERT signals (Fig. 1C) [40] . Thus, the proportion of telomeres showing telomerase foci was remarkably higher in mouse than in human germ cells. In fact, the same tendency was found in SYCP3(À) cells, where the proportion of telomeres localizing with telomerase in SYCP3(À) cells were remarkably higher in mouse (70% in male and 77% in female) than in human (18% in male and 22% in female; Fig. 3C) . Similar values to human testis SYCP3(À) cells were found in HeLa cells (17%). In the light of these results, the localization of telomerase at telomeres could be more related to telomeric homeostasis of the species studied (human vs. mouse) than the specific characteristics associated with gender (male vs. female). In fact, the analysis of the flow-sorted mouse cell populations indicated that the proportion of telomeres showing telomerase signals did not change along the spermatogenic process (Fig. 3D) , suggesting that telomerase colocalizes with the telomeric complex throughout spermatogenesis, at least in mouse.
Motivated by these findings, we analyzed TRF2-TERT colocalization by confocal microscopy in both human and mouse spermatocytes I, producing a 3D reconstruction of meiotic chromosomes ( Fig. 4A ; Supplemental Video S1). The 3D reconstructions showed that TRF2 and TERT were indeed colocalizing at the end of meiotic chromosomes. In mouse spermatocytes I, most telomeres (;70%) presented TRF2-TERT signals, while this proportion decreased up to 27% in human spermatocytes I. Fluorescence intensities were mea-
FIG. 2. TERRA transcription in germ cell populations selected by FACS.
A) Quantitative real-time analysis of TERRA transcription in mouse spermatogonia, spermatocytes I and II, and round spermatids. Two primer pairs specific for the mouse 5q and 11q subtelomeres were used. The mean values for two independent experiments where each reaction was performed in triplicate are reported. Error bars represent standard deviations, and asterisks indicate statistically significant differences (one-way ANOVA, P , 0.05). B) TERRA levels on mouse and human prophase I spermatocytes. Cells were classified into different groups depending on the number of TERRA foci: fewer than 16 foci, between 16 and 30 foci, more than 30 foci. L, leptotene spermatocytes; Z, zygotene spermatocytes; P, pachytene spermatocytes; D, diplotene spermatocytes. **Significant differences calculated by univariate general linear model for mouse samples and one-way ANOVA for the human sample, both with Scheffé post hoc test (P , 0.001); n ¼ number of analyzed cells. 
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sured as intensity profiles for each labeled protein (TRF2, TERT, and SYCP3; Fig. 4B ; Supplemental Figure S4A ). We estimated the relative distances between TRF2 and TERT fluorescence intensity peaks as well as the relative position of these molecules with respect to the synaptonemal complex (SC). In both mouse and human spermatocytes I, TRF2 and TERT molecules colocalized at the end limit of the SC or close to it ( Fig. 4B ; Supplemental Figure S4A ). Mean distances between TRF2 and TERT intensity profiles were always less than 200 nm ( Fig. 4C ; Supplemental Figure S4B ), which is the limit of resolution of the confocal microscope. Moreover, although the distance between TERT and TRF2 molecules was lower in mouse spermatocytes I than in human spermatocytes I ( Fig. 4C ; Supplemental Figure S4B ), fluorescence intensity profiles of both molecules were always colocalizing, either partially or totally ( Fig. 4D ; Supplemental Figure S4C ). These results suggest that TRF2 and TERT molecules are probably bound to telomeric DNA repeats at the end of meiotic chromosomes, being part of the telomeric complex.
Nontelomeric TERRA Foci Colocalize with Telomerase in Meiocytes
Given that telomerase colocalizes with TERRA in human fetal oocytes [40] , we tested whether this is a common feature of mammalian germ cells and, if so, to what extent. We observed that the proportion of TERRA foci colocalizing with TERT was considerably low in both mouse and human testicular tissue (Fig. 5) , similar to what has been found previously in human fetal oocytes [40] . In fact, the proportion of TERRA foci colocalizing with TERT signals in mouse spermatocytes I was similar (18%) to that observed in human spermatocytes I (14%). These proportions were maintained in SYCP3(À) cells in both mouse (19%) and human (18%) testes (Fig. 5) . Moreover, we noticed that, when analyzed separately, the percentages of TERRA and TRF2 signals colocalizing with telomerase in spermatocytes I were complementary one to each other (74% in mouse and 36% in human). In light of these observations, we analyzed whether TERRA foci were colocalizing with telomerase signals at the end of the SC or were otherwise free in the nucleus. In human spermatocytes I, half of the TERRA-TERT colocalizing signals (47.4%) were located at telomeres, whereas in mouse spermatocytes I, most of TERRA-TERT signals (70.7%) were found away from the telomere structure (i.e., free in the nucleus; Fig. 5C ). Therefore, only a small proportion of telomerase molecules would colocalize with the pool of free TERRA molecules.
Telomere Length Is Maintained During Gametogenesis
We subsequently analyzed whether TERRA expression is affecting telomere length in mammalian germ cells by Q-FISH (Fig. 6, A, and B) . We found that telomeres of spermatocytes I were longer in mouse when compared to human spermatocytes I (1.34-fold TFUs; Fig. 6C, left panel) which, in turn, showed longer telomeres than mouse oocytes I (4.21-fold TFUs; Fig.  6C, left panel) . When analyzed globally, the three groups of germ cells had, on average, significantly longer telomeres than HeLa cells (one-way ANOVA, P , 0.001), suggesting that germ cell telomeres elongate before meiosis, presumably during the proliferation stage of either primordial germ cells or spermatogonia. In order to test this hypothesis, we analyzed the distribution of the telomere lengths displayed by the different analyzed cells (Fig. 6D, left panel) . We found that both mouse and human spermatocytes I showed wider length ranges than mouse fetal oocytes and HeLa cells, suggesting that at least the bulk of telomere elongation in oocytes I does not take place during meiosis.
TELOMERE HOMEOSTASIS IN MAMMALIAN GERM CELLS
Given that mouse spermatocytes I showed the longest telomeres, we analyzed telomere length throughout the gametogenic process in three additional germ cell populations: spermatogonia, spermatocytes II, and round spermatids (Fig.  6C, right panel) . Indeed, the longest telomeres were found in spermatocytes I, compared to the rest of the analyzed germ cell types. This is probably due to the fact that a high proportion of the spermatocytes I were at the pachytene stage, where all of their telomeres are paired or synapsed; thus, each telomere signal corresponds to four telomeres. Therefore, the equivalent mean telomere length observed for each stage indicates that telomeres are not elongated during this process, at least until the beginning of spermiogenesis, since round spermatids, whose chromosomes are composed of a single chromatid, show mean telomere length similar to the other cell populations. Comparing telomere length ranges in the different mouse male germ cell populations (Fig. 6D, right panel) , we confirmed that spermatocytes I, represented mostly by pachytene spermatocytes, were those germ cells that exhibited the highest TFUs. However, although the only evidence of a possible elongation activity was found in round spermatids, the observed range of telomere lengths in this subpopulation was slightly narrower than the ones obtained for the other mouse germ cells subpopulations, suggesting that if elongation were taking place, it would not cause a dramatic net change in the lengths of the telomeres of round spermatids.
DISCUSSION
TERRA Dynamics During Mammalian Gametogenesis
The combination of IF and RNA-FISH techniques allowed us to study both nuclear levels and distribution of TERRA molecules in mouse and human germ cells. TERRA was found forming foci in germ cells of both species. The number of TERRA foci detected in mammalian germ cells was higher than what has been reported in somatic cells [3] but ranged within the values previously observed in mouse embryonic stem cells [4, 39, 58] . Moreover, both TERRA levels and the percentage of telomeres with TERRA signals were noticeably higher in male than in female germ cells of both mouse and human samples, indicating that TERRA dynamics might be associated with gender-specific characteristics regardless of the species. 
TELOMERE HOMEOSTASIS IN MAMMALIAN GERM CELLS
Importantly, TERRA foci were localized mainly at the telomeres of all the analyzed germ cells, confirming previous observations in human fetal oocytes [40] and suggesting that TERRA would be an important player for the proper progression of the processes taking place throughout prophase I. In fact, we did not find differences in TERRA levels between prophase I stages in human spermatocytes I, and in mouse samples, leptotene spermatocytes showed the highest TERRA levels. This would support the idea that TERRA synthesis might begin during the premeiotic S phase or otherwise during the first stages of meiosis, when chromosome movements and chromatin rearrangements take place [40] .
Strikingly, we observed a negative correlation between TERRA levels and the percentage of TERRA foci colocalizing with telomeres (TERRA-TRF2 colocalization). This tendency was inverted when considering the percentage of telomeres colocalizing with TERRA (TRF2-TERRA colocalization), suggesting that TERRA molecules would be located at telomeres until reaching a threshold beyond which TERRA would be released from the chromosome. Actually, these correlations were less pronounced in oocytes I, where TERRA levels were also lower than in spermatocytes I. In the case of females, the minimum threshold for TERRA levels would not be reached; thus, the available TERRA molecules would tend to remain associated with the telomeric complex. In fact, in human fetal oocytes, where TERRA levels were markedly low, most TERRA foci were located at telomeres, in sharp contrast to what was observed in mouse fetal oocytes. These observations suggest that TERRA-telomere association could be subjected to a threshold that is TERRA level dependent.
Moreover, the analysis of TERRA transcription in mouse flow-sorted germ cells populations indicated that TERRA is not uniformly synthetized across spermatogenesis, supporting the view that both TERRA transcription and its telomeric localization are independently regulated [59] . Specifically, TERRA transcription increased across spermatogenesis but decreased when spermiogenesis begins (Fig. 7) . It is well known that two main transcription waves occur in spermatogenesis that precisely orchestrate differentiation stages of spermatogenic cells [60, 61] . DNA methylation increases along spermatogenesis [62] and correlates with chromatin compaction [63] , which begins with spermiogenesis. Moreover, Porro et al.. [37] described that TERRA is cell cycle regulated. Therefore, it seems plausible that TERRA would be synthetized during the first stages of spermatogenesis in order to localize at telomeres, contributing to telomeric stability during the meiotic process.
Furthermore, we detected different amounts of TERRA transcripts in primary spermatocytes, depending on the subtelomere analyzed. Studies on TERRA synthesis have reported that changes in telomeric heterochromatin due to cell homeostasis alterations, such as changes in shelterin components and/or DNA or histone methylation, could differentially affect telomeric transcription in specific chromosomes [44, 59, 64, 65] . Therefore, the differences observed in 5q and 11q telomeric transcription suggest that the telomere structure may be differentially regulated during the chromosomal events that take place during the first meiotic division. In fact, it has been described in human cancer cells that telomere transcription positively correlates with telomere movements, increasing its mobility [66] . Thus, in the light of our results, it is tempting to propose that TERRA, in addition to its structural role, could participate in the regulation of the telomere dynamics during the progression of chromosome events that take place during meiosis.
Telomerase: A Component of Mammalian Meiotic Chromosomes?
The role of telomerase during gametogenesis has been an open question given that studies describing its nuclear distribution in the germ line are rather scarce [26, 40] . Although telomerase is the main strategy developed by eukaryotic cells to counteract telomeric DNA shortening, a structural function has been recently attributed to telomerase [67] . It is in this new scenario where our 3D reconstructions of spermatocyte chromosomes suggest that telomerase physically localizes at telomeric complexes during gametogenesis, especially in mouse germ cells compared to human ones. It seems likely, then, that telomerase localization at telomeres could be differentially regulated, depending on species-specific telomeric characteristics. In fact, this telomeric localization is maintained throughout mouse spermatogenesis, indicating that telomerase would remain associated with telomeres during this process.
But are these telomeric telomerase molecules actively elongating telomeres during gametogenesis? We observed a high proportion of long telomeres in spermatocytes I when compared to oocytes I (Fig. 6 , C and D, left panels). In fact, we did not find significant differences in telomeric length throughout mouse spermatogenesis (Fig. 6C, right panel) , mirroring previous studies in human gametogenic cell populations [68] . These findings suggest that if telomere elongation were taking place during spermatogenesis, it would probably occur at the beginning of cell differentiation, from secondary spermatocytes to spermatids. This interpretation is sustained by the observation that round spermatids (haploid cells with a single chromatid per chromosome) showed mean telomere lengths similar to spermatogonia or spermatocytes II (whose chromosomes are composed of two chromatids). However, it must be noticed that the distribution of telomere lengths decreased in round spermatids. Therefore, and taking into account that telomeres of somatic cells are synthesized during the S phase of the cell cycle [69] , our results suggest that telomere elongation would presumably take place not during spermatogenesis (Fig. 7) but during the mitotic proliferation of spermatogonia or, otherwise, along the premeiotic S phase.
Moreover, mouse oocytes I were the cells with the shortest telomeres (similar to HeLa cells). These results suggest that oocytes I would begin oogenesis with already short telomeres that would be elongated in later stages of gametogenesis or even after fertilization during embryo development, when high levels of telomerase activity have been reported in the literature [30, 32, 34, 35] . But the situation differed strikingly with spermatogenesis, where several studies have detected high telomerase activity in spermatogonia and/or in spermatids [26, 28, 29] . Our results indicate that telomerase is located at the telomeres of germ cells throughout spermatogenesis. Thus, the fact that we do not observe significant telomere elongation during this process reinforces the hypothesis that attributes a structural function to telomerase [70] [71] [72] [73] [74] . Furthermore, the analysis of telomerase RNA template (TR) subunit expression in different human spermatogenic cell populations carried out by Yashima et al. [75] revealed that primary spermatocytes showed the highest expression of TR, while spermatogonia and secondary spermatocytes showed intermediate levels of TR expression, and it was not detected in spermatids and spermatozoa. This could explain why, although we found TERT located at telomeres throughout spermatogenesis, previous studies on telomerase activity have reported high enzymatic activity at the beginning of spermatogenesis and low REIG-VIADER ET AL. activity in the differentiation stages. In other words, if telomere elongation occurred during spermatogenesis, it would depend on TR expression but not on TERT association with telomeres. Therefore, rather than elongating telomeres, functional TERT might be associated with telomeres of germ cells forming part of the shelterin complex, contributing to the preservation of telomere stability throughout the multiple telomeric chromatin changes that take place during gametogenesis.
Telomere Length Homeostasis During Mammalian Gametogenesis: Is There a Cross Talk Between TERRA, Telomerase, and Telomeres?
Little is known about how telomeres structure and homeostasis are maintained during gametogenesis, including the cooperative role, if any, of TERRA, telomerase, and telomeres during the process. Here we have shown that a high proportion of telomerase foci colocalizing with TERRA were not located at the end of the meiotic chromosomes, indicating that, in germ cells, a pool of TERRA molecules is free within the nucleus and colocalizes with telomerase. Moreover, the proportions of TERT-TERRA colocalization observed in mouse and human spermatocytes I were approximately complementary to those observed for TERT-TRF2 colocalization. In fact, TERRA and telomerase association has been previously described in somatic cells [47] , and it has been proposed that a free TERRA subpopulation might be associated with telomerase molecules [37] . Moreover, a close relationship between TERRA levels, TERRA-mediated telomerase inhibition, and cell cycle progression has been described in somatic cells [37, 76] . Thus, in the light of our results, it seems plausible that TERRA molecules that are not associated with telomeres might be, once transcribed, released from telomere, recruiting free telomerase molecules in the nucleus and regulating the activity of telomerase.
The relationship between TERRA and telomere length has been more controversial. Initial studies suggested a direct relationship between TERRA transcription and telomere length [4, 39, 47, 77] ; however, recent studies have challenged this hypothesis [48] [49] [50] [51] . Current reports in yeast suggest that, on the one hand, the relationship between TERRA and telomere length would come from the regulation of telomere replication by the formation of a TERRA-telomeric DNA hybrid structure [78, 79] and that, on the other, TERRA would be transcribed in a telomeric length-dependent manner in order to recruit telomerase to the shortest telomeres [80] . We found that TERRA levels were higher in spermatocytes I than in oocytes I regardless of the species analyzed, consistent with the differences in telomere lengths between these cells, indirectly suggesting a link between TERRA levels and telomere lengths. Nevertheless, when comparing TERRA transcription and telomere lengths throughout spermatogenesis, this relationship seems unlikely since TERRA transcripts showed a dramatic increment with spermatogenesis progression, whereas telomeres lengths did not (Fig. 7) . Moreover, the localization of telomerase at telomeres followed different patterns in mouse   FIG. 7 . Representation of telomere homeostasis throughout mouse spermatogenesis. TERRA transcripts increase until the beginning of spermiogenesis, and its association with telomeres is maintained along the meiotic prophase I. The protein component of telomerase is attached to the telomeric structure throughout spermatogenesis without adding TTAGGG repeats. TERRA and TERT molecules colocalize in the nucleus of primary spermatocytes. n, chromosome number per cell; c, number of chromatids per chromosome; N.A., not analyzed.
and human germ cells and was constant across spermatogenesis despite the observed variations in TERRA transcription (Fig.  7) . In somatic cells, TERRA localization at telomeres does not seem to be subject to telomere length [49] ; nevertheless, in yeast, TERRA has been found to be an indicator of short telomeres, being transcribed when a telomere reaches a length threshold [80] . Therefore, the regulation of TERRA and TERT localization at telomeres in mouse and human germ cells might not depend on TERRA transcription or exclusively on telomere length. Instead, it could be associated with intrinsic telomere requirements and/or gender-specific (in the case of TERRA) and species-specific (in the case of TERT) characteristics of the telomeric structure homeostasis regulation.
In conclusion, we propose that both TERRA and TERT form part of the telomeric structure of mammalian germ cells as a way to provide the stability needed to deal with all the chromatin changes and chromosome movements that take place throughout the gametogenic process. Importantly, as happens with all telomeric components, both TERT and TERRA would be precisely regulated, depending on the cellular context, as well as species-and/or gender-specific features.
